Large concentrations of magnetite in sedimentary deposits and soils with igneous parent material have been reported to affect geophysical sensor performance. We have undertaken the first systematic experimental effort to understand the effects of magnetite for ground-penetrating radar (GPR) characterization of the shallow subsurface. Laboratory experiments were conducted to study how homogeneous magnetite-sand mixtures and magnetite concentrated in layers affect the propagation behavior (velocity, attenuation) of high-frequency GPR waves and the reflection characteristics of a buried target. Important observations were that magnetite had a strong effect on signal velocity and reflection, at magnitudes comparable to what has been observed in small-scale laboratory experiments that measured electromagnetic properties of magnetite-silica mixtures. Magnetite also altered signal attenuation and affected the reflection characteristics of buried targets. Our results indicated important implications for several fields, including land mine detection, Martian exploration, engineering, and moisture mapping using satellite remote sensing and radiometers.
INTRODUCTION
In recent years, there has been an increased interest in the effects of ferrimagnetic material on ground-penetrating radar (GPR) signal performance. This interest has been driven by the realization that soil mineralogy is of considerable importance for modern land mine detection sensors, which often use high-frequency GPR (Takahashi et al., 2011) , by the plans to include a high-frequency GPR system on one of the future Mars rovers (e.g., Ciarletti et al., 2011) , and by the increased use of high-frequency GPR systems in engineering fields where magnetic material is likely encountered (Cassidy and Millington, 2009 ). In addition, ferrimagnetic minerals in soils may affect retrieval of soil moisture using C-and L-band radiometers and microwave satellite sensors, although this is not discussed in the relevant literature (e.g., Jackson et al., 1999; Moran et al., 2004; Barrett et al., 2009) . In all of the above cases, it is of critical importance that the potentially detrimental effects of ferrimagnetic material on system performance are considered and taken into account during the survey planning stages. However, to date, no controlled experiments have been conducted.
Iron oxides are common in many rock types and sedimentary deposits, as well as in soils in a wide range of different climates. Whereas the most ubiquitous iron oxides, goethite and hematite, have bulk electromagnetic properties similar to those of other common earth materials, ferrimagnetic minerals such as magnetite and maghemite exhibit different behavior. These minerals have a strong magnetic spin moment and can, even in small amounts, be detected in natural environments by their elevated magnetic susceptibility. This unique character has allowed study of the distribution of ferrimagnetic minerals in a wide range of fields, including among others, paleoclimatology (Maher and Thompson, 1995) , soil development (Singer et al., 1996; Van Dam et al., 2008) , and archeology (Benech and Marmet, 1999) . In recent years, new interest in the issue of ferrimagnetic minerals in the environment has arisen due to the effect they can have on the performance of GPR and other electromagnetic sensors. Areas of particular interest are related to Mars exploration programs (Coey et al., 1990; Grant et al., 2003; Leuschen et al., 2003; Bertelsen et al., 2004; Stillman and Olhoeft, 2008; Ciarletti et al., 2011) , the detection of unexploded ordnance (UXO) and land mines (Van Dam et al., 2005; Takahashi et al., 2011) , and civil engineering applications such as imaging of corroded steel-reinforced concrete and soils containing waste material of smelting operations (Cassidy and Millington, 2009 ).
It has long been known that magnetite and other ferrimagnetic minerals affect electromagnetic properties of soils and sediments (Robinson et al., 1994; Olhoeft, 1998; Klein and Santamarina, 2000) . As has been shown in a few recent theoretical and laboratory studies, these altered electromagnetic properties may, in turn, lead to considerable changes in signal propagation at GPR-specific frequencies. For example, measurements of electromagnetic wave propagation through magnetite-silica mixtures using time-domain reflectometry (TDR) demonstrated that the presence of magnetite leads to a significant decrease in electromagnetic wave velocity (Mattei et al., 2005; Pettinelli et al., 2005) . Recent measurements of electromagnetic properties for similar magnetite-silica mixtures using a vector network analyzer (VNA) showed a strong frequencydependent effect of magnetite on propagation velocity and signal attenuation (Cassidy, 2008) . This effect is stronger for nanoscale, single-domain, and low-order multiple-domain magnetite grains than for large, high-order multiple-domain grains. The results of these recent studies indicate that standard approaches for estimation of GPR signal behavior in soils and sediments, such as empirical relationships (e.g., Topp et al., 1980) and volumetric mixing models (e.g., the complex refractive index model), may not be reliable when even small amounts of ferrimagnetic minerals are present. Moreover, these results suggest that depending on how ferrimagnetic minerals are mixed, their presence can lead to signal reflection and scattering.
Although for many field conditions the concentration of ferrimagnetic minerals is considered too low to significantly impact GPR wave propagation, a few studies have reported signal reflections caused by magnetite concentrated in sediment layers. A study of near-shore marine deposits identified unusually strong reflections (bright spots) related to magnetite concentrations along the bedding planes of storm deposits (Jol et al., 1998; Peterson et al., 2010) . In a study of the paleo markers in a relict eolian dune, strong reflections were related to the presence of heavy minerals, possibly magnetite (Buynevich et al., 2007) . Despite the indication that anomalous magnetic properties of the layers of ferrimagnetic minerals may have caused these reflections, it is difficult to obtain conclusive evidence for these interpretations. Alternative explanations for the unusual reflection strengths associated with these heavy mineral concentrations are different textural properties such as porosity and bulk density (Neal, 2004) , altered water retention characteristics (Van Dam and Schlager, 2000; Van Dam et al., 2002) , and surface effects (Josh et al., 2011) .
Despite new insights from laboratory studies into the effects of magnetite on electromagnetic wave propagation in soils and sediments, no practical GPR experiments to specifically study the effect of magnetite on GPR wave propagation and reflection have been made. Consequently, a thorough understanding of the potential effects of magnetite in the natural environment on GPR surveys is currently lacking. This study is the first direct analysis of the effects of magnetite on the performance of GPR systems. In a controlled laboratory setup, we measured the effects of magnetite on propagation velocity, signal attenuation, and reflection strength for different scenarios that represent two typical distributions of magnetite in natural environments. We compared our findings with results from previous laboratory experiments.
THEORETICAL BACKGROUND
The frequency-dependent properties that play a role in the behavior of the electromagnetic energy in a medium are the dielectric permittivity ε, the electrical conductivity σ, and the magnetic permeability μ. The complex dielectric permittivity is given by ε Ã e ðωÞ ¼ ε 0 e ðωÞ þ jε 0 0 e ðωÞ ¼ ε 0 ðωÞ þ j ε 0 0 ðωÞ þ σðωÞ ωε 0 ;
where ε Ã e ðωÞ is the frequency-dependent, complex effective permittivity Fm −1 , ε 0 ðωÞ and ε 0 0 ðωÞ are the real and imaginary components of the frequency-dependent complex permittivity Fm −1 , respectively (effective permittivity using subscript e), and σðωÞ is the frequency-dependent electrical conductivity (Sm −1 ). The electrical conductivity is often assumed noncomplex (Cassidy, 2009) .
Similar to the complex permittivity, magnetically lossy materials have a complex magnetic permeability with a real and an imaginary part (Olhoeft and Strangway, 1974; Keller, 1987; Cassidy, 2008) . This complex permeability is given by μ Ã ðωÞ ¼ μ 0 ðωÞ þ jμ 0 0 ðωÞ;
where μ Ã ðωÞ is the frequency-dependent, complex magnetic permeability Hm −1 and μ 0 ðωÞ and μ 0 0 ðωÞ are the real and imaginary components of the frequency-dependent complex magnetic permeability Hm −1 . Electrical conductivity describes the ability of an electric field to move free charges, such as electrons or ions, through a medium. The interaction of these moving charges with the medium results in energy losses. At low GPR frequencies, the movement of the charges is instantaneous, so that the conduction moves in phase with the electrical field. Under these conditions, the conductivity is given using a static (or DC) value, which is noncomplex. At high GPR frequencies, the response of the charges is noninstantaneous, which requires a complex description of the conductivity. It is nevertheless generally assumed that the imaginary component is small and can be ignored.
As electromagnetic energy moves through a medium, charges become displaced and polarized, resulting in a loss of energy. The frequency at which this polarization occurs is called the relaxation frequency. Relaxation mechanisms are frequency dependent and vary with material characteristics (Cassidy, 2009) . A general description for the electromagnetic loss tangent is (Keller, 1987) 
in which the electric loss tangent is defined as tan δ E ¼ ðσ 0 − ωε 0 0 Þ∕ðσ 0 0 þ ωε 0 Þ and the magnetic loss tangent is defined by the ratio of the imaginary and real components of the magnetic permeability tan δ M ¼ μ 0 0 ∕μ 0 . Here, σ 0 and σ 0 0 are the real and imaginary components of the electrical conductivity Sm −1 .
Most permittivity relaxation mechanisms exhibit a gradual decrease of the real part of the permittivity with increasing frequencies and a peak of the imaginary part of the permittivity at the relaxation frequency. Permittivity relaxation mechanisms can be subdivided into free charge effects, which mostly occur at frequencies below 1 MHz, and molecular and atomic polarizations at typical GPR frequencies and above. For dry materials, such as in the experiments described in this paper, the most important loss mechanisms are electronic and atomic polarization, although these occur above the typical GPR frequency range (Cassidy, 2009) . Another important dielectric loss mechanism, typically associated with interstitial fluids, is dipolar relaxation.
Similar to permittivity, the magnetic permeability of a material is frequency dependent. Low-frequency loss mechanisms are related to the movement of magnetic domain walls (Klein and Santamarina, 2000) , the behavior of which depends on grain size and domain size, among other factors. At higher GPR frequencies, magnetic relaxation losses are small. In this frequency range, however, ferrimagnetic materials can have a distinct effect on the permittivity through conductive effects (Klein and Santamarina, 2000) . These conductive effects vary with concentration of the ferromagnetic inclusions, their distribution, and shape. Thus, even as magnetic permeability and magnetic relaxation losses are small, ferrimagnetic inclusions can affect GPR wave velocity, amplitude, and phase (Klein and Santamarina, 2000) .
The propagation velocity and signal attenuation of GPR waves depend on the above-defined electromagnetic properties and are thus frequency dependent. For a homogeneous, isotropic medium, the velocity and attenuation (in dBm −1 ) are given by (Daniels, 2004) vðωÞ
where c 0 is the velocity of electromagnetic waves in vacuum ms −1 , tan δðωÞ is the frequency-dependent loss tangent of the material, ε 0 is the permittivity of vacuum 8.85419 × 10 −12 Fm −1 , and μ 0 is the magnetic permeability of vacuum 4π × 10 −7 Hm −1 .
These equations for GPR signal velocity and attenuation incorporate lossy behavior or electrical properties through the loss factor, but they do not include possible loss mechanisms for magnetic properties. However, this is an acceptable simplification because the GPR data discussed in this paper were conducted at frequencies above the common magnetic relaxation frequencies.
EXPERIMENTAL PROCEDURE Sample material
Experiments were performed using quartz-rich sand (QS) and natural crystalline magnetite. The QS was obtained from a site near the campus of New Mexico Tech in Socorro, New Mexico, and it consists of predominantly quartz mixed with plagioclase. The material was air dried for a week in the laboratory and then sieved through a 2-mm mesh, discarding all grains larger than sand size. The magnetite was obtained from the beach of Nueva Gorgona, Panama, 60 km southwest of Panama City, where it is found concentrated in thin layers or placer deposits (PDs) (Figure 1a ). After two days of oven drying at around 45ºC, the magnetite was magnetically separated from the regular beach sand in the samples; the beach sand was then discarded. The QS sample had a dry bulk density of 1.58 g∕cm 3 ; the magnetite sample had a dry bulk density of 2.48 g∕cm 3 . The mean grain size of the QS is about double that of the magnetite (Figure 1b and 1c) . The magnetite grains are quite well rounded, reflecting the depositional processes of a beach environment. A ZH Instruments SM-105 (513 kHz) was used to estimate the magnetic permeability for the magnetite sample. The estimated value (1.42) is lower than that for a laboratory-grade magnetite powder.
Electromagnetic properties
Measurement of the complex electromagnetic properties of the sample material was performed with a Hewlett-Packard (HP) Model 8753E VNA, controlled by a custom software program (Kutrubes, 1986; Olhoeft and Capron, 1993; Canan, 1999) . The 16 independent measurements were performed over a frequency range of 30 kHz to 3 GHz at 401 discrete log-spaced frequencies and averaged. At low frequencies, the quality of the data is impacted by diffusive field behavior (Annan, 2009) . At high frequencies, the data are affected by sample holder resonance. The frequency range over which the data were physically representative was 0.1-1.8 GHz. The samples were loaded into a 3-cm-long General Radio GR900 air line with Teflon ends caps. Each sample holder was weighed empty and full to allow calculation of the sample bulk density. The VNA was calibrated with a full two-port short/open/load/ through procedure: first for the cables alone with an HP calibration kit, then including the APC-7 7 mm to GR900 adapter with a General Radio GR900 calibration kit. A test measurement of air was performed prior to measurement of the soil samples to verify correct system response. The S-parameters were plotted during collection to ensure that the forward and reverse parameters agreed. The four S-parameters (S11, S12, S21, S22) were calculated using 
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the Nicolson-Ross-Weir algorithm to determine the complex dielectric permittivity, magnetic permeability, electrical loss tangent, magnetic loss tangent, and electrical resistivity. For comparison, additional measurements were performed using an Agilent 85070E high-temperature probe and an Agilent FieldFox N9912A VNA over the frequency range of 10 MHz to 4 GHz. These alternative lab setups produced similar results.
Ground-penetrating radar experiments
GPR experiments were performed in a wooden test box with internal dimensions of 0.5 × 0.31 × 0.29 m (l × w × h). The box, with a wall thickness of 0.01 m, stood on a wooden desk 0.02-m thick, above air. The GPR equipment used was a Sensors & Software pulseEKKO 1000 system with shielded 1.2-GHz antennas in a bistatic coplanar configuration. For measurements in background material and in homogeneous mixtures of QS and magnetite, the signal had a broad-peaked frequency spectrum centered at around 1.08 GHz and a plateau between 0.95 and 1.21 GHz. For measurements with shallow reflectors (layer of pure magnetite or buried target), the frequency spectrum broadened further, with a plateau between around 0.75 and 1.5 GHz. The peak frequency increased to 1.25 GHz. This change relative to the background frequency spectrum is likely not the result of different material electromagnetic properties or coupling effects, but rather due to interference between the reflected signal and the direct waves (Di Matteo et al., 2013) .
Data were collected along the centerline of the test box, using a step size of 0.01 m; the antennas were placed directly on the surface. In all runs, the time window was 15 ns, with a sampling rate of 0.05 ns (300 samples per trace). To ensure high data quality, 128 stacks were averaged to form each trace. With start and end positions of 0.08 and 0.42 m, respectively, each transect consisted of 35 traces. All runs were conducted using bistatic copole configuration transverse and parallel to the survey line. The difference in signal characteristics was negligible, except in the presence of the buried target. Unless otherwise specified, the data presented in this paper were collected using a transverse antenna orientation.
Results of the experiments are presented as either A-scans in the center of the box (x; y ¼ 0.25, 0.155 m), or as B-scans. The A-scans present a single trace (128 stacks) of signal amplitude versus twoway traveltime. A-scans have been corrected for time-zero shifts and normalized to the maximum absolute amplitude observed in all A-scans. As the traces were very clear, no further processing has been applied. The B-scans are 2D cross sections (variable density plots of signal amplitude) showing two-way traveltime versus distance. B-scans have been processed using a dewow filter and a DC shift application to compensate for long-term instrument drift. To enhance the visibility of lower amplitude reflections off a buried target and the bottom of the test box, the B-scans have been processed with a function for automatic gain control (AGC).
Experimental scenarios
Different scenarios were used to understand the effect of magnetite on GPR signals (Figure 2 ). The scenarios were designed to be representative of two common types of occurrence of magnetite in natural environments. The first type is homogeneous mixtures of magnetite and QS (Figure 2b) . In natural environments, after the magnetite is separated through physical or chemical weathering of magnetite-rich rocks, homogeneous mixtures can develop by redistribution in soils or by reworking through sedimentary agents. The second type is a thin layer of magnetite sandwiched between QS (Figure 2c ). In field settings, the contrasting grain density of magnetite and quartz sand can lead to selective transport and deposition. These types of deposits are referred to as PDs and are commonly found where high-density minerals are concentrated in eolian, fluvial, marine, and coastal sediments (Figure 1a ) by waves or current action (Komar and Wang, 1984) . In addition, background measurements on magnetite-free QS material were performed to test the experimental setup and improve data reduction (Figure 2a) .
The mixture scenario was designed to primarily study the effect of magnetite on signal velocity and dispersion. Mixtures of QS and magnetite were prepared in two different weight proportions (9.1% and 22% magnetite by weight). First, the lower part of the box was filled with QS. The upper 0.1 m of the box was then filled with magnetite-sand mixtures (Figure 2b ). The magnetite-sand mixture was limited to the upper part due to the total available quantity of magnetite (∼500 g) and to allow the use of significant concentrations of magnetite. The magnetite-sand mixture was separated from the QS below using a thin paper divider that did not impact GPR signals.
The layer scenario, with a layer of pure magnetite resembling a PD, was primarily designed to study the effect of magnetite on GPR signal reflection characteristics, although observations on signal velocity are also made. The 0.015-m-thick layer was sandwiched between QS. The top of the layer was at 0.035 m below the surface (Figure 2c ). Separation of materials was achieved by thin paper dividers that did not have an impact on the GPR signals. The amount of magnetite used for this experiment was the same as what was used for the homogeneous mixture with 22% magnetite by weight.
To further study the effect of the presence of magnetite on reflection characteristics, a stainless steel ball of 1-in diameter was used as a target for each of the scenarios (QS background, homogeneous mixtures of QS and magnetite, and a PD). The target was buried within the QS and homogeneous magnetite-sand mixtures, and below the magnetite PD, with its top at 0.05 m below the sediment surface (Figure 2) .
RESULTS

Electromagnetic properties
The complex dielectric permittivities of the QS and magnetite samples are shown in Figure 3 . The relative permittivity of QS is around 2.8 and, as expected, exhibits no frequency dependence ( Figure 3a) ; the imaginary component is near zero (Figure 3b) . The relative permittivity of the magnetite is much higher and shows strong frequency dependence in real and imaginary components. A similar increase at low frequencies is observed by Cassidy (2008) and Pettinelli et al. (2005) . At the center frequency of the GPR signal (1.08 GHz), the relative permittivity of the magnetite is around 8.4 (Figure 3a) . The measured complex behavior of the sample material is comparable to earlier measurements on quartz and magnetite powders (e.g., Cassidy, 2008) , although there is no exact match. The differences may be due to the sample characteristics and measurement methodology.
The complex magnetic permeability of both samples differs only slightly (Figure 4 ) and exhibits no significant frequency dependence. The absence of a relaxation peak at megahertz frequencies (e.g., Olhoeft and Strangway, 1974; Stillman and Olhoeft, 2008) may be due to the diffusive field behavior at these frequencies (Annan, 2009) . The relative magnetic permeability of QS is, as expected, around one. The relative magnetic permeability of magnetite is only slightly higher (Figure 4a ). This observation is supported by independent measurements of magnetic susceptibility using a ZH Instruments SM-105. The imaginary components of both samples are very small. As most magnetic relaxation losses occur below 0.1 GHz (e.g., Cassidy, 2009) , the increase in the imaginary component of the magnetite sample between 0.5 and 1.5 GHz (Figure 4b ) is most likely an artifact of the measurement procedure.
The electrical conductivity response for both sample materials is significantly larger for magnetite than for quartz sand (Figure 5a ), as 
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is also evident from the calculated electrical loss tangent (Figure 5b) . The conductivity increases with frequency and reaches around 0.5 Sm −1 at the GPR center frequency. The conductivity is expected to have a significant effect on signal velocity, attenuation, and dispersion. The rapid increase in the magnetic loss tangent at frequencies near the center frequency of the GPR signal (Figure 5c ) is an artifact of sample holder resonance and is related to the same feature in Figure 4b .
Ground-penetrating radar results
The dry wood of the sample box and the table has dielectric properties close to that of dry sand (Grosvenor et al., 2009) . It is therefore expected that the wood-to-air transition at a depth of 0.32 m (0.29 m sample material þ 0.03 m wood) will produce the most prominent reflection of GPR energy. This reflection will be used to assess changes in velocity and attenuation due to the presence of magnetite in the mixture and layer scenarios. Arrival times of the direct waves and the reflection from the bottom of the box were determined using a Hilbert transform as an envelope detection tool.
Homogeneous sand (QS)
GPR data for the QS-filled test box without added magnetite or targets displays a strong signal from the direct air and ground waves between approximately 0 and 2 ns (Figure 6 ). The reflection from the bottom of the box (wood-to-air transition) is seen at around 4.2 ns two-way traveltime (Table 1) . This traveltime can be translated into GPR signal velocity using v ¼ 2d∕t, where d is the height of the test box (0.29 m) plus the thickness of the wood. Table 1 . Velocity calculations for GPR measurement scenarios of QS, homogeneous mixtures of QS and magnetite (at 9.1% and 22% weight of magnetite), and 100% magnetite in a PD. The subscript T denotes total thickness, which includes all sediment layers and wood below the material. The subscript M indicates magnetite or QS-magnetite mixture. The estimated velocity for QS (0.152 m∕ns) and the known thickness of the layers containing magnetite (d ðMÞ ) are used to calculate v ðMÞ .
The electromagnetic wave velocity is therefore equal to 0.64∕4.2 ¼ 0.152 m∕ns, which is a typical value for dry sand. The velocity would increase by less than 1% when incorporating the antenna separation in this calculation. In the zone between the direct arrivals and the bottom reflection, the data are largely free of noise. The amplitude of horizontal events in the data (direct waves and bottom reflection) can be suppressed by subtracting the 35-trace average from each individual trace in the 2D data set. This reveals the presence of some reflections that dip downward toward the center of the survey line. These dipping reflections originate from the bottom edges of the box. However because these reflections are of very low amplitude and start after 5 ns, they do not impact our analysis of the bottom reflection significantly.
Homogeneous magnetite-sand mixtures
GPR A-scans for homogeneous magnetite-sand mixtures are shown in Figure 6 and compared with the background QS measurement. The most prominent effect of the presence of magnetite is the delayed arrival time of the reflection from the bottom of the box (Figure 6b ). The arrival time for the box-to-air transition has increased from 4.2 ns for the QS experiment to 4.3 and 4.55 ns for the 9.1% and 22% magnetite experiments, respectively. This increase, due to the presence of the magnetite-sand mixture in the upper part of the box, corresponds to a significant reduction in velocity. Using the known thickness of the magnetite-sand mixture (0.1 m) and the known velocity for the QS below (0.152 m∕s), the velocity change can be calculated. For the mixture with 9.1% magnetite, the GPR signal velocity is 0.142 m∕ns. For the mixture with 22% magnetite, the signal velocity is 0.120 m∕ns. Compared to the velocity in QS, this amounts to velocity decreases of 7.1% and 21.1%, respectively.
Other changes in the GPR signal that were observed during experiments with magnetite-sand mixtures are as follows: (1) apparent signal dispersion of the direct wave arrival (widening of the pulse) at the highest concentration and (2) a lower amplitude of the reflection of the bottom of the box.
The pulse widening of the first arrivals (Figure 6a ) is likely the result of changes in the convoluted signal of the direct air and ground waves (e.g., Di Matteo et al., 2013) . In this case, these changes are due to the lower GPR wave velocity in the magnetite-sand mixture, which causes a slightly delayed (but not decoupled) arrival of the direct ground wave. The pulse widening may also be a result of antenna-ground coupling effects that are different for each scenario (Annan, 2009) . The observed pulse widening may also be a true dispersion effect, caused by the high electrical conductivity of the magnetite (Figure 5a ). However, no pulse widening is seen for the reflection from the bottom of the box (Figure 6b ), which suggests that the amount of dispersion is small at these concentrations of magnetite.
The lower signal amplitude that is observed for the bottom-ofthe-box reflection (Figure 6a) , is most pronounced for the mixture with 22% magnetite. Only a minor amplitude reduction is seen for the mixture with 9.1% magnetite. The lower signal amplitude is caused by increased signal attenuation in the magnetite-sand mixture and the partial reflection of the GPR signal at the boundary between the magnetite-sand mixture and QS below at 0.1 m depth has lowered the amount of propagating energy.
In the next two sections, the results are described for signal behavior in the presence of a 0.015-m-thick layer of pure magnetite, designed to resemble a PD, and for measurements over a 1-inch diameter steel target (M1) buried in the measurement box. The magnetite layer and the buried steel ball are located at a depth where their responses interfere with the direct air and ground waves. This shallow depth was chosen so that the results are relevant for real-world scenarios with shallow targets, such as buried land mines and UXO.
Magnetite layer (PD)
The GPR measurement for the magnetite layer is presented in comparison with the response for QS (Figure 7 ). This comparison shows that the addition of the magnetite results in significant changes to the signal response. The most prominent effect of the presence of the magnetite layer is the large change in the signature of the direct wave arrivals between around 0.8 and 2.0 ns. This change is likely a direct result of the signal reflection from the boundary between QS and the magnetite at a depth of 0.035 m. In addition, the signal characteristics are likely altered by the different propagation of the ground wave. The presence of the lowervelocity magnetite layer turns the overlying QS layer into a thin high-velocity waveguide (e.g., Liu and Arcone, 2003; Strobbia and Cassiani, 2007; van der Kruk et al., 2009) .
Other changes in the GPR signal that were observed during the experiments with the magnetite layer are (1) a delayed arrival time of the reflection from the bottom of the box and (2) a lower amplitude of the reflection from the bottom of the box. Both effects were also observed for the scenario with homogeneous magnetite-sand mixtures.
The reflection from the bottom of the box exhibits a time delay of around 0.2 ns (Figure 7 , Table 1), although this estimate is likely affected by the near-field effects of the PD layer on the shape of the direct waves and reflection. As before, in the experiments with homogeneous magnetite-sand mixtures, the increase in traveltime corresponds to a significant reduction in velocity. Using the thickness of the layer (0.015 m) and the known velocity for the QS (0.152 m∕s), the GPR signal velocity through the magnetite is calculated as 0.076 m∕ns. Compared to the velocity in QS, this is a velocity decrease of 50.4%.
The lower signal amplitude for the reflection of the bottom of the box (Figure 7 ) is similar in magnitude to the homogeneous mixture with 22% magnetite (Figure 6 ). The lower amplitude is caused by signal attenuation within the magnetite, in combination with Figure 7 . GPR A-scan of the 0.015-m-thick layer of magnetite bordered by QS above and below. A-scan of QS background measurement (same as in Figure 6 ) is shown for comparison.
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Reflection target (M1)
Further evidence that magnetite has a strong effect on GPR signal behavior comes from experiments conducted with the steel target, buried in the test box. Compared with the background reading for no-target, no-magnetite QS, the steel target results in a clear deviation at early times (∼1-3 ns), as would be expected due to the large dielectric contrast between the sand and steel (Figure 8 , black and blue lines). The hyperbolic reflection associated with the target is well developed, but due to destructive interference with the direct waves, its amplitude is strongly reduced at the apex (Figure 9a) , as is also observed in the A-scan (Figure 8, blue line) . Compared with the background reading (Figure 8, black line) , the presence of the target does not significantly alter the reflection from the bottom of the box. This is likely due to the relatively small size of the target (0.026 m) compared with the antenna separation (0.075 m) and signal wavelength (∼0.13 m).
It is worth noting that interference patterns will differ with antenna frequency and orientation, material properties, and target contrast and burial depth. Indeed, the addition of magnetite changes the reflection signatures associated with the steel target. For the scenario with the ball buried at the same depth directly beneath the 0.015-m-thick magnetite layer, the GPR signal at early times is close to its background shape (Figure 8, red line) , which is the combined result of all near-field effects. The signal amplitude of the hyperbolic response that is associated with the target has been significantly reduced, also where there is no interference with the direct waves (Figure 9b ). This observation is a strong indication that the magnetite causes signal attenuation. In addition, the magnetite layer may act as a low-velocity waveguide (van der Kruk et al., 2009), leading to signal loss.
For the experiments with the magnetite layer and the magnetitesand mixture (Figure 8 , red and green lines), the reflection from the bottom of the box is strongly delayed, compared with the measurements without magnetite, with or without the target (Figure 8 , black and blue lines). Hilbert transforms of the traces confirm these arrival time increases. This again demonstrates the impact of the presence of magnetite on the propagation velocity of GPR signals.
DISCUSSION
Our experimental results indicate that the presence of magnetite in soil material or sediment has a significant effect on the behavior of high-frequency GPR waves. In this section, we discuss our results in the context of variables most relevant to GPR sensor performance, which are signal velocity (which in turn governs signal reflection) and attenuation, and compare our results with previous theoretical and laboratory research.
Signal velocity
The electromagnetic wave velocity was estimated from GPR traveltime measurements in QS, homogeneous mixtures with 9.1% and 22% magnetite by weight, and for 100% pure magnetite. The velocity for these four experiments varied between 0.152 m∕ns for the QS and 0.076 m∕ns for pure magnetite (Figure 10 ). Although the total number of measurements is small, the consistent decrease in velocity with increasing magnetite concentration gives confidence that this relationship is valid and repeatable. Indeed, the measurements for comparable scenarios (QS, PD, mixtures) but with the buried steel target produced similar effects with respect Figure 8 . GPR A-scans of a one-inch steel target buried in QS (blue), below the 0.015-m-thick layer of pure magnetite (red), and in a magnetite-sand mixture (green). The background measurement for the no-target, no-magnetite experiment (QS) is shown in black. Figure 9 . B-scans of the one-inch steel ball buried in (a) QS and (b) below the 0.015-m-thick layer of pure magnetite. Data were processed using signal dewow, DC shift, and AGC gain. to the arrival time delay (and thus velocity retardation) of the reflection from the bottom of the box (Figure 8 ). The velocity results were compared with two recent studies from literature that measured electromagnetic wave properties using a VNA and TDR.
Measurements of the frequency-dependent velocity and attenuation characteristics for magnetite-silica mixtures were recently reported by Cassidy (2008) . These measurements were performed using a VNA over the frequency range of 0.02-30 GHz for a series of powdered mixtures with a volume percent range of 0%, 1.5%, 2.6%, 5. 4%, 8.2%, 11.3%, 17.9%, 25.3%, 33.7%, 43.3%, 60 .4%, and 100% magnetite (0%, 3%, 5%, 10%, 15%, 20%, 30%, 40%, 50%, 60%, 75%, and 100% magnetite when converted to weight percent). The magnetite used was a commercially available kind at nano-to-micro grain sizes. Pettinelli et al. (2005) performed measurements of the electromagnetic wave velocity of magnetite-silica mixtures with a volume percent range of 0%, 5%, 10%, 15%, 20%, and 25% magnetite (0%, 9%, 17%, 25%, 32%, and 39% magnetite when converted to weight percent). The magnetite had grain sizes ranging from 200 to 500 μm, and was extracted from a beach (similar to the sample material used in this study). These measurements were performed using a TDR system and inverted to obtain responses over a broad frequency range from 0.01 to 0.5 GHz. This range encompasses the zone above 0.1 GHz, where velocity is nearly independent of frequency, as well as that below 0.1 GHz, where velocity drops with frequency (Cassidy, 2008) .
The results of the velocity comparison are shown in Figure 10 . In all studies, the background material is slightly different, but it is dominated by silica, and it is free of magnetite. All three studies show a significant decrease in velocity with increasing amount of magnetite (Figure 10a ). The data by Pettinelli et al. (2005) and Cassidy (2008) are nearly identical. The data by Cassidy, which like the present study cover the full range of distributions from 0% to 100% magnetite, display a slight nonlinear response. For the end member case of 0% magnetite, the GPR velocity reported in this study matches the electromagnetic wave velocities from both earlier laboratory studies very well (Figure 10a ). For the case with 100% magnetite, however, the GPR velocity is slightly higher than for the data from Cassidy (2008) . This weaker match is possibly related to the near-field effects in the PD scenario on arrival time picks, as discussed previously. When focusing on velocity retardation, normalizing the velocity difference for the velocity in the background material, the results between the three studies show a very strong similarity (Figure 10b) .
Based on the measured velocities for the different concentrations of magnetite, the expected reflection coefficients were calculated using R ¼ ðV 1 − V 2 Þ∕ðV 1 þ V 2 Þ. Results are given in Table 2 . Reflection coefficients for a normally incident wave at a planar boundary between QS (v ¼ 0.152 m∕ns) and layers with 9.1%, 22%, and 100% magnetite are 0.037, 0.118, and 0.337, respectively. Velocities calculated from the VNA measurements (Figures 3-5 and equation 4) are somewhat higher, but the calculated reflection coefficient between magnetite and QS is comparable at 0.290 (Table 2 ). These results show that even small quantities of magnetite can produce reflections similar to what is typical for sedimentary environments (R ∼ 0.05 to 0.1). At higher concentrations of magnetite, bright spots can develop, similar to strong reflectors in sedimentary settings (reflection coefficients between around 0.2 and 0.4 for unsaturated sand to silt and groundwater table in coarse sand, respectively).
Signal attenuation
Increased signal attenuation for magnetite is reported by Pettinelli et al. (2005) and Cassidy (2008) . As shown by both, attenuation is strongly frequency dependent, with significantly higher attenuation for increased frequency and magnetite concentration. Cassidy (2008) also demonstrates that this relationship is dependent on grain size. Between nano-to-micro grain size magnetite and a Figure 10 . Comparison of velocity characteristics between this study (square symbols) and those from previous laboratory studies (Pettinelli et al., 2005, circles; Cassidy, 2008, triangles) . All magnetite concentrations are in weight percent. (a) Velocity versus magnetite concentration. (b) Retardation in GPR signal velocity as a function of the magnetite concentration, relative to the velocity in QS for magnetite concentrations below 40%. Effects of magnetite on high-frequency GPR H9 natural crystalline magnetite with larger predominant grain sizes of 0.1-3 mm, the natural crystalline magnetite displayed distinctly less frequency-dependent behavior (Cassidy, 2008) . Also, the loss tangent, and thus attenuation, was significantly reduced for the natural magnetite. The real part of the dielectric permittivity, and thus velocity and reflection coefficients, was only marginally smaller. The data collected in the present study are not ideally suited to quantify attenuation. It can be assumed, however, that for all scenarios tested (the measurements with the reflection target not included), the spreading and scattering losses are approximately equal. Thus, after correction for reflection losses, it may be possible to assess differences in signal attenuation using the reflection from the bottom of the box. In future work, these ideas can be tested via the modeling of reflective and dispersive GPR signal behavior for these scenarios.
CONCLUSIONS
This paper reports on the first set of laboratory experiments to assess the effects of magnetite in natural environments on GPR signal performance. Different realistic scenarios for the occurrence of magnetite in soils and sediments were considered and compared with background measurements on magnetite-free QS. In these scenarios, high-frequency GPR data were collected over homogeneous mixtures of QS and magnetite and for a layer of 100% magnetite, designed to resemble a so-called PD. Finally, all scenarios (including the background measurements) were repeated using a steel ball of one-inch diameter at shallow depth, to assess the effects of magnetite on the reflection characteristics of a buried target.
The results from this experimental study on dry material show that the presence of magnetite leads to a significant reduction in propagation velocity of GPR waves. Measurements on samples with only QS, and for homogeneous mixtures with 9.1% and 22% magnetite by weight, respectively, show a linear relationship between velocity and magnetite concentration. The velocity for 100% magnetite is close to that of typical values for saturated sand. The results obtained in this study largely confirm earlier laboratory measurements (using TDR and a VNA) on similar mixtures of magnetite and silica material from which the GPR signal velocity was deduced.
The change in wave velocity with magnetite concentration has a distinct effect on the reflection of GPR energy at layer boundaries. The results show that for even small amounts of magnetite, the reflection characteristics are similar to that of typical sedimentary layer boundaries. Moderate concentrations of magnetite may lead to bright spots (high amplitude reflections) in data, and magnetite placers (close to 100% concentration) can cause reflection strengths comparable to that of the largest contrast in sedimentary environments, which is the groundwater table boundary.
Magnetite had a significant effect on GPR signal attenuation. Measurements over a thin layer of 100% magnetite showed that the reflection strength of a steel target buried below the layer was significantly reduced. This was a direct result of attenuation within the magnetite. Other measurements, including reflections from the bottom of the test box also suggested that magnetite increased attenuation. Future modeling of this system, including the signal dispersion and reflections at layer boundaries, is needed to quantify the attenuation.
The results presented in this paper highlight the importance of magnetic properties on GPR signal performance, a variable that is routinely neglected or ignored. From these studies, it is also possible to identify a few avenues for future research. First of all, a better assessment needs to be made as to the effect of magnetite on GPR signal attenuation. For this purpose, a different experimental setup may need to be designed. Also, as has been shown by earlier laboratory studies, the relationship between magnetite concentration and GPR signal characteristics, in particular the attenuation, is strongly frequency dependent. It would therefore be desirable to conduct controlled GPR measurements over a range of antenna frequencies. Finally, measurements should be conducted in natural field settings, to assess the effects of heterogeneous distributions of magnetite on reflection, scattering, and attenuation.
ACKNOWLEDGMENTS
RVD and BB were funded for this research by the United States Army Research Office (STIR19-02-1-027). JH acknowledges support from the United States Army Yuma Proving Ground for sample collection in Panama. RN was granted permission to publish by the director of the Geotechnical & Structures Laboratory. We thank three anonymous reviewers and the associate editor for their suggestions to improve the manuscript.
